Several studies have reported functional improvement after transplantation of neural stem cells into injured spinal cord. We now provide evidence that grafting of adult neural stem cells into a rat thoracic spinal cord weight-drop injury improves motor recovery but also causes aberrant axonal sprouting associated with allodynia-like hypersensitivity of forepaws. Transduction of neural stem cells with neurogenin-2 before transplantation suppressed astrocytic differentiation of engrafted cells and prevented graft-induced sprouting and allodynia. Transduction with neurogenin-2 also improved the positive effects of engrafted stem cells, including increased amounts of myelin in the injured area, recovery of hindlimb locomotor function and hindlimb sensory responses, as determined by functional magnetic resonance imaging. These findings show that stem cell transplantation into injured spinal cord can cause severe side effects and call for caution in the consideration of clinical trials.
Spontaneous recovery after spinal cord injury is hindered by the limited ability of the mammalian central nervous system to re-establish functional neural connections, remyelinate spared nerve fibers and replace lost cells 1 . Complete spinal cord injury leads to total and permanent sensorimotor loss and disruption of autonomic nervous system control caudal to the level of injury. Most spinal cord injury victims also develop chronic pain conditions 2 that severely reduce quality of life 3 . Although most forms of spinal cord injuries in humans are incomplete and are characterized by variable degrees of tissue sparing across the lesion 4 , surviving axons are often compromised with respect to the propagation of electrical impulses because of loss of myelin 5 .
Grafting of embryonic stem cells 6 and marrow stromal cells 7 , as well as neural stem cells (NSCs) 8 , into the injured spinal cord improves functional recovery. Transplanted neural stem cells give rise almost exclusively to astrocytes and to only relatively few oligodendrocytes and occasional neurons 8, 9 , suggesting that the beneficial effects are mediated either by trophic support provided by astrocytes 10 or by remyelination of spared axons by graft-derived oligodendrocytes 11 . Neurotrophic factors have also been reported to cause severe side effects. Studies in rodents using several different trophic factors 12, 13 as well as a clinical trial using nerve growth factor for Alzheimer disease 14 have reported neuropathic pain such as allodynia: that is, pain from stimuli that normally are not noxious.
To further explore the potential function of graft-derived astrocytes and oligodendrocytes in the treatment effects, we transplanted naive NSCs and NSCs in which astrocytic differentiation was suppressed by ectopic expression of neurogenin-2. Neurogenin-2, a member of the basic helix-loop-helix family of transcription factors, is involved in the determination and differentiation of multiple neural lineages during development 15 . Neurogenins inhibit gliogenesis by sequestering CBP-Smad1 away from astrocyte differentiation genes and by blocking activation of STAT1/3 (ref. 16 ).
Here we report that although transplantation of naive NSCs improved motor function, it also caused aberrant host fiber sprouting associated with allodynia-like hypersensitivity of non-affected forepaws. Suppression of astroglial differentiation effectively reduced both s prouting and allodynia and allowed for further sensory and motor recovery.
RESULTS

Neurogenin-2 modulates the fate of engrafted NSCs
We studied the differentiation of adult spinal cord-derived NSCs grafted to the site of a 1-week-old low-thoracic spinal cord weight-drop injury. The fate of naive NSCs was compared with that of NSCs that had been transduced to express neurogenin-2 (Ngn2-NSCs).
Two weeks after transplantation, NSC-derived cells were present mainly in the area of injury, close to the injection site. Engrafted cells had round cell bodies and some extended processes (Fig. 1a) . Ngn2-NSCs were also located mainly near the injection site at this time. However, many cells had migrated beyond the astroglial barrier into the white matter, where they extended processes oriented along spared nerve fibers (Fig. 1a) . The total number of engrafted 5-bromodeoxyuridine (BrdU)-immunoreactive cells at all four depositions was determined using stereological cell counting. A total of 79,496 ± 3,350 NSC-derived cells and 80,963 ± 17,660 Ngn2-NSC-derived cells were detected per rat 2 weeks after transplantation. Both types of grafts extended approximately 8 mm in a rostrocaudal direction and were centered on the injury center ( Table 1) . The majority (74%) of engrafted NSCs were glial fibrillary acidic protein (GFAP) immunoreactive, characteristic of astrocytes ( Table 2) . Ectopic expression of neurogenin-2, verified by immunohistochemical detection of the c-Myc tag ( Supplementary Fig. 1 online) , suppressed astroglial differentiation to 3% and allowed for oligodendroglial and limited neuronal differentiation ( Table 2) . However, not all engrafted Ngn2-NSCs expressed neurogenin-2, given their in vitro transduction efficiency of approximately 60%. Consequently, the effect on cell fate, although still very pronounced, was not as substantial when all transplanted BrdU-labeled cells were examined ( Table 2) . Retroviral expression was downregulated with time and only approximately 5% of all BrdUpositive cells still expressed green fluorescent protein (GFP) 2 weeks after transplantation 9 .
At 9 weeks after transplantation, gross examination showed that cysts had formed around the injury center. Estimation of cyst size using the Cavalieri principle demonstrated no significant differences between treatment groups (data not shown). NSCs extended radiating processes and were preferentially located in areas filled with debris and macrophages (Fig. 1a) . Of 43,140 ± 14,326 BrdU-positive NSCs detected per rat, 80% had become astrocytes and 17% had differentiated toward an oligodendroglial fate ( Table 2) . At the same time, Ngn2-NSCs extended processes of varying thickness forming a network in white matter tracts (Fig. 1a,b) . Of all engrafted BrdU-positive Ngn2-NSCs (40,560 ± 5,067), significantly fewer cells showed GFAP immunoreactivity (32%) and significantly more cells showed RIP immunoreactivity (31%) than did naive NSCs (P < 0.01 and P < 0.05, respectively, Mann-Whitney U-test; Table 2 ). Most of the RIP- 
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immunoreactive Ngn2-NSCs had fine arborizing processes that expressed the chondroitin sulfate proteoglycan NG2 in their distal parts (Fig. 1c) . NG2 immunoreactivity suggests that these cells were oligodendrocyte precursor cells. Other RIP-expressing cells had thicker processes and were immunoreactive for the myelin-specific protein cyclic nucleotide 3-phosphohydrolase (CNP; Fig. 1c ), indicating that they had acquired a more mature oligodendroglial phenotype. At 9 weeks, 3% of BrdU-positive Ngn2-NSCs had neuron-specific nuclear protein (NeuN) immunoreactivity. These cells extended a main process with a length of several cell body diameters. The processes were βIII-tubulin immunoreactive, indicating that these engrafted Ngn2-NSCs had differentiated toward an early neuronal phenotype (Fig. 1c) .
Ngn2-NSCs increase myelinization at the injury site
Osmium tetroxide myelin staining showed a rim of myelinated axons surrounding the lesion cavity-gray matter remnants in the injured area, except at the center of the injured area, where such a dorsomedial rim of myelin was lacking (Fig. 1d) . Axons with well developed myelin sheaths were present in the spared rim beneath the pial surface, whereas areas closer to the cavity contained axons with thin myelin sheaths. The total amount of white matter was quantified at the injury center as well as 1 mm rostral and 1 mm caudal to the injury center. Grafting of Ngn2-NSCs led to a significantly greater amount of white matter at the injury center than that of rats given vehicle alone (Fig. 1e) . In the caudal aspect of the injury zone, Ngn2-NSCs led to significantly more white matter than did either NSC or vehicle treatment. We identified engrafted cells as one source of myelin basic protein (MBP)-positive cells. In good accordance with the differentiation pattern observed with the early oligodendroglial marker RIP, Ngn2-NSCs frequently gave rise to MBP-immunoreactive cells that in turn formed myelin sheaths (Fig. 1f) . Notably, MBP was exclusively detected in engrafted (BrdU-positive) cells that had downregulated expression of neurogenin-2.
Transplantation improves functional outcome
We assessed locomotor recovery using Basso, Beattie and Bresnahan (BBB) scoring of open field walking (Fig. 2a) . Three weeks after transplantation, NSC-engrafted rats had significantly higher BBB scores than did vehicle-treated rats. At 5 weeks after transplantation, Ngn2-NSC-engrafted rats also performed significantly better than vehicle-treated rats. At 9 weeks after transplantation, motor recovery of Ngn2-NSC-engrafted rats significantly exceeded that of vehicletreated and of NSC-engrafted rats (Fig. 2a) . We found that 62% of the rats that received Ngn2-NSCs showed frequent toe clearance during limb advancement, compared with 35% of NSC-engrafted rats and 7% of vehicle-treated rats. Recovery of hindpaw locomotor function in individual rats was significantly correlated with the amount of white matter at the injury center (P < 0.001; correlation coefficient, 0.73; χ 2 statistics).
Assessment of sensorimotor integration by gridway testing showed that rats grafted with either Ngn2-NSCs or NSCs committed significantly fewer foot misplacements than did vehicle-treated rats from 5 weeks after transplantation onward (Fig. 2b) . At 9 weeks after transplantation, rats that had received Ngn2-NSCs performed significantly better than rats in the two other groups. Improved performance in the gridway task of individual rats was significantly correlated to the amount of myelin at the injury center (P < 0.05; correlation coefficient, -0.53; χ 2 statistics) as well as to the number of RIP-immunoreactive graft-derived cells (P < 0.05; correlation coefficient, -0.65; χ 2 statistics). Sensory function of the hindpaws was examined on a hotplate, which elicited licking of hindpaws in all intact rats with a latency of 22 ± 3 s (Fig. 2c) . Grafting of Ngn2-NSCs increased the number of rats that responded to the thermal stimulation by licking their hindpaws. It also significantly decreased the latency of response to the hot stimulus compared with that of vehicle-and NSC-treated rats (52 ± 2 s, 59 ± 1 s and 59 ± 1 s, respectively; P < 0.01, ANOVA followed by a Fisher's post-hoc test). 
weeks
NSCs (n = 6) 43,140 ± 14,326 6.0 ± 0.3 7.1 ± 0.2 2.6 ± 0.5
Ngn2-NSCs (n = 6) 40,560 ± 5,067 6.3 ± 0.4 6.6 ± 0.5 2.5 ± 0.3 n = number of rats. Data represent mean ± s.e.m. 17 . Additionally, ipsilateral activation was occasionally observed (Fig. 3a) . At 9 weeks after injury, vehicletreated rats showed minimal bilateral cortical BOLD signals 18 (Fig. 3b) . Transplantation of NSCs did not result in substantial recovery of the cortical hindpaw representation (Fig. 3c) . Conversely, grafting of Ngn2-NSCs led to significant recovery of contralateral cortical BOLD signals in response to hindlimb stimulation as compared to vehicle-treated and NSC-grafted rats (P < 0.001and P < 0.01, respectively, ANOVA followed by a Fisher's posthoc test; Fig. 3d,e) . Grafting of Ngn2-NSCs partially restored activation of the contralateral somatosensory cortex. In addition, activation was detected bilaterally in cortical areas adjacent to the primary somatosensory cortex. These areas were not activated in intact rats.
Naive NSCs cause allodynia-like responses in forepaws
The withdrawal threshold for mechanical stimulation of the forepaws was not significantly altered by spinal cord injury (Fig. 4a) . However, an increased sensitivity to cold stimulation of the forepaws was observed in rats subjected to weight-drop injury compared with that of intact rats (Fig. 4b) . Rats with spinal cord injury that were transplanted with naive NSCs showed a considerably decreased withdrawal threshold in response to mechanical forepaw stimulation compared with that of vehicle-treated rats (Fig. 4a) . The withdrawal threshold of individual rats correlated significantly with the number of GFAP-immunoreactive graft-derived cells (P < 0.01; correlation coefficient, -0.83; χ 2 statistics). Additionally, NSC-engrafted rats showed significantly increased pain-like responses to cold stimulation compared with vehicletreated rats (Fig. 4b) . Directed differentiation of NSCs with neurogenin-2 significantly alleviated the allodynia-like responses observed in NSC-treated rats and led to responses similar to those of vehicle-treated rats (Fig. 4a,b) . Moreover, rats engrafted with naive NSCs, but not rats given Ngn2-NSCs, showed significantly enhanced pain-like responses to heat stimulation of the forepaw and reduced response latency in the hotplate test (Fig. 4c,d ).
Transplantation of naive NSCs causes axonal sprouting
We quantified calcitonin gene-related peptide (CGRP)-immunoreactive sensory axons and biotinylated dextran amine (BDA)-labeled corticospinal tract fibers using stereology in 6-mm-long spinal cord segments above the injury. Transplantation of naive NSCs gave rise to sprouting of thin CGRP-immunoreactive fibers into Rexed's lamina III (Fig. 5a) . Stereological quantification showed twice as many CGRP-positive nerve fibers in lamina III in rats that had received naive NSCs as in rats treated with either vehicle or Ngn2-NSCs (Fig. 5b) . The amount of CGRP-positive fibers in individual rats was positively correlated with the number of graft-derived GFAP-immunoreactive cells (P < 0.01; correlation coefficient, 0.78; χ 2 statistics). Moreover, there was a reciprocal relationship between the withdrawal threshold to von Frey hair stimulation (increased hypersensitivity) of individual rats and the amount of CGRPimmunoreactive fibers (P < 0.01; correlation coefficient, -0.72; χ 2 statistics; Fig. 5c ). Immediately rostral to the injury, the corticospinal tract was abolished or considerably displaced by a cyst, with some fibers traveling either through the gray matter of the dorsal horn or along gray-white matter interfaces. At 9 weeks after injury, there was still complete interruption of all BDA-labeled corticospinal tract fibers at the site of injury in all groups, and thus no fibers were seen caudal to the lesion. Cranial to the injury site, engrafted cells were intermingled with the proximal stumps of the corticospinal tract (Fig. 5d) . Transplantation of naive NSCs caused excessive sprouting of corticospinal tract fibers within the dorsal horns rostral to the injury (Fig. 5e) . Stereological fiber quantification detected significantly more corticospinal tract fibers within superficial as well as deep dorsal horn layers of NSC-engrafted rats than in vehicle-treated or Ngn2-NSC-engrafted rats (Fig. 5f,g ). Although there was excessive sprouting at the rostral edge of the lesion site, there was no evidence of rostrocaudal regeneration and consequently no sprouting of corticospinal tract fibers caudal to the lesion (Fig. 5h) . There were no statistically significant differences with regard to the most distant extent of the corticospinal tract for rats given vehicle, NSCs or Ngn2-NSCs (distance of corticospinal tract fibers to injury center, 1.7 ± 0.3 mm, 1.1 ± 0.2 mm and 1.6 ± 0.1 mm, respectively). The amount of corticospinal tract sprouting was not correlated to the degree of recovery of motor function in NSC-treated rats.
DISCUSSION
Here we have shown that treatment of spinal cord injury with naive NSCs improves recovery of motor function but causes allodynia in unaffected forepaws. Transduction of NSCs with neurogenin-2 before transplantation depressed astroglial differentiation and increased oligodendroglial differentiation of engrafted cells. We have provided evidence that this treatment alleviates allodynia and allows for better sensory and motor recovery of the hind limbs than is seen with naive NSCs.
Promotion of host axonal regeneration is regarded as a key component of a successful treatment strategy for spinal cord injury. Delivery of growth factors can enhance and direct such outgrowth of severed nerve fibers 19 . Trophic support by engrafted fetal NSCs induces local sprouting of different nerve fiber systems 10 . Using a new stereological method, we detected excessive sprouting of the corticospinal tract and of CGRP-immunoreactive fibers after transplantation of naive adult NSCs. Despite prominent local sprouting of interrupted corticospinal tract fibers, there was no regeneration beyond the site of injury within the time interval we investigated. Thus, trophic support does not seem sufficient for fiber tract regeneration. Instead, overcoming the growth-inhibitory properties of the injured spinal cord milieu 20 and providing a permissive, growth-promoting environment for advancing axons is necessary 21 . Another strategy for overcoming growth inhibition is to increase the intrinsic capability of neurons to extend fibers across inhibitory substrates by increasing intracellular cyclic adenosine monophosphate levels 22 .
The formation of new intraspinal circuits relaying cortical input from the injured, sprouting corticospinal tract above the injury to centers below injury through other remaining descending pathways has been brought forward as an explanation for spontaneous functional recovery after spinal cord injury 23 . Excessive local sprouting in our present study might have facilitated the formation of such pathways, although we could not detect a correlation between the amount of local sprouting and motor recovery. However, the number of graft-derived astrocytes was correlated to both sprouting of CGRP-immunoreactive fibers and the development of allodynia-like responses. Astrocytes constitute a known source of multiple neurotrophic factors, especially in areas of central nervous system trauma 24 . CGRP-immunoreactive dorsal root neurons express the nerve growth factor receptor TrkA 25 and increase both neuropeptide expression and sprouting 26 in response to increased nerve growth factor levels. CGRP is expressed in small-to mediumdiameter dorsal root ganglion neurons 27 , which are involved in the transmission of pain, temperature, and noxious and non-noxious mechanical stimuli 28 . Notably, blocking of CGRP attenuates allodynia in the forelimbs in spinal cord models of chronic pain 29 .
NSCs differentiate almost exclusively into astrocytes after transplantation into the injured spinal cord. Here we have shown that transduction of NSCs with neurogenin-2 enhanced oligodendroglial differentiation. The low grade of neuronal differentiation was unexpected, as neurogenins, independent of their inhibition of an astrocytic fate, are potent stimulators of neuronal differentiation in vitro 30, 31 . However, neurogenin-2 does not unconditionally commit NSCs to a neuronal fate; environmental cues also influence the fate of neurogenin-2-expressing cells 32 . Our data suggest that a non-neurogenic environment in the spinal cord largely overrides the neurogenic effect of neurogenin, leading instead to a notably increased number of oligodendroglial cells.
In an incomplete spinal cord injury, loss of myelin impairs the conduction properties of spared axons 5 . Some degree of spontaneous Responses to cold stimulation were tested by a Kruskal-Wallis test followed by a Dunn's multiple comparison test; the remaining data were compared by ANOVA followed by a Fisher's post-hoc test: *P < 0.05; **P < 0.01; ***P < 0.001. Data represent mean ± s.e.m. remyelination is seen and may be the result of invading Schwann cells 33 and/or oligodendrocyte precursor cells 34 . This remyelination is often abnormal, with some areas remaining partially demyelinated and other areas having thin myelin sheaths 35 . Consequently, incomplete spinal cord injury can be associated with abnormal conduction properties 36 . In the lesion periphery, oligodendrocyte precursor cells proliferate and are able to remyelinate injured axons 34 . However, the center of the injury is notably depleted of both oligodendrocyte precursor cells and oligodendrocytes, and repopulation is inefficient because of the limited migratory capacity of these cells 37 . The increased amount of myelin at the injury center detected in rats engrafted with Ngn2-NSCs may be attributed to remyelination and/or the prevention of dysmyelination. The latter possibility is supported by the mostly immature status of oligodendroglial cells derived from engrafted Ngn2-NSCs as well as by the relatively rapid time course of functional improvement after grafting in our study. Similar findings consistent with the prevention of dysmyelination have been observed after grafting of oligodendrocyte precursors into a contusion injury 38 . However, we also obtained evidence of remyelination by engrafted cells. Some engrafted cells gave rise to MBP-immunoreactive cells forming myelin sheaths. Neural stem cells differentiate into mature myelin-producing cells after transplantation into demyelinated rat spinal cord 11 . Replacement of oligodendrocytes, which restores signal transmission 39 , is thus likely to have contribu- (h) Rostrocaudal distribution of corticospinal tract fibers rostral to the injury zone. Excessive local sprouting of the corticospinal tract is not associated with improved regeneration of this tract beyond the injury center (IC). ̆, NSCs; í, Ngn2-NSCs; ć, vehicle. n ≥ 6 per group. Fiber length is compared by ANOVA followed by a Fisher's post-hoc test: ** P < 0.01; and *** P < 0.001 (for bracketed comparisons). Data represent mean ± s.e.m. Bottom row (a,e), higher magnification of areas outlined in images above. Scale bars, 50 µm (top row of a), 100 µm (d and top row of e) and 10 µm in high magnification (a,e).
ted to the improved behavioral recovery seen after transplantation of NSCs and Ngn2-NSCs. This is further supported by the positive correlation between the number of graft-derived oligodendrocytes and the performance on the gridway task of individual rats. The additional behavioral improvement obtained with Ngn2-NSCs compared with that obtained with naive NSCs was a delayed event, compatible with the time needed for newly formed oligodendrocytes to remyelinate axons. Functional MRI recordings demonstrated significant recovery of BOLD signals in the contralateral somatosensory cortex in response to hindpaw stimulation in rats engrafted with Ngn2-NSCs. Ngn2-NSCs partially restored a topographically appropriate cortical activation in response to hindpaw stimulation, a phenomenon that is less evident in animals that recover spontaneously from mild spinal cord injury 18 . The topographically appropriate recovery of hindpaw representation seen after grafting of Ngn2-NSCs is compatible with recovery due to remyelination of existing fiber tracts.
We conclude that the grafting of naive NSCs into injured spinal cord improves motor function but also causes aberrant fiber sprouting associated with allodynia of unaffected forepaws. The suppression of astroglial differentiation and enhancement of oligodendroglial differentiation by neurogenin-2 prevents adverse side effects and allows for robust recovery of motor and sensory function. Controlled differentiation of transplanted stem cells may be required to avoid serious side effects and to achieve optimal functional improvement. These findings should facilitate the development of safe stem cell-based treatment strategies for patients suffering from spinal cord injury.
METHODS
Preparation of NSCs.
Spinal cords of 134 adult female Sprague-Dawley rats (B&K Universal) were used to prepare primary neural stem cells 40 . After removal of the meninges, spinal cord tissue was dissociated at 37 °C for 30 min in a solution of 0.7 mg hyaluronic acid, 200 U DNase and 1.33 mg trypsin per ml. After filtration (70-µm mesh) and centrifugation (200g for 5 min), cells were resuspended in 0.5 M sucrose in 0.5× Hank's balanced salt solution. After a second centrifugation (750g for 10 min), the cell pellet was resuspended in neurosphere culture medium based on DMEM F12 (Life Technologies) with Glutamax and supplemented with 20 ng extracellular growth factor, 20 ng basic fibroblast growth factor, 20 µl B27, 100 U penicillin and 100 µg streptomycin per ml. Neurospheres that had formed after 7 d were dissociated in 1.33 mg/ml of trypsin and single cells were further cultured for 3 d into secondary neurospheres in 50% neurosphere-conditioned medium and 50% fresh medium. In some experiments, the medium was supplemented with BrdU (10 µM; Sigma) 48 h before collection to facilitate detection of engrafted cells.
Viral transduction of NSCs. Vesicular stomatitis virus G protein-pseudotyped retroviral particles were prepared with two retroviral constructs 41 . One construct encoded c-Myc-tagged neurogenin-2 followed by an internal ribosomal entry site and enhanced GFP. The control construct was identical except that it did not contain the neurogenin-2 cDNA 41 . Secondary neurospheres were infected 24 h after passage at a multiplicity of infection of 3.5. The efficiency of the transduction protocol is approximately 60% (ref. 41 ). Cells were propagated in complete neurosphere culture medium for another 48 h and then were resuspended to a concentration of approximately 10,000 viable cells per microliter of DMEM-F12, as determined by trypan blue dye exclusion.
Impact injury, transplantation and tracing. A total of 104 female SpragueDawley rats (250 g) were subjected to a contusion injury of the spinal cord. In rats sedated by halothane anesthesia, the spinal cord was exposed by a laminectomy of T8-9 and was subjected to impact by a weight dropped from a height of 12.5 mm. One week later, rats were randomly assigned to groups receiving vehicle (n = 37), NSCs (n = 29) or Ngn2-NSCs (n = 38). Four injections were made at 1 mm cranial to, caudal to and left and right of the lesion. At each site, 2.5 µl of NSC suspension or vehicle was infused at 0.5 µl/min (UltraMicroPump-II, World Precision Instruments). Thus, a total of 100,000 NSCs collected from two donors per recipient was delivered to the spinal cord.
For anterograde labeling of the corticospinal tract, five injections of 0.5 µl of a 10% BDA solution (10,000 molecular weight; Sigma) were made per sensorimotor cortex 4 weeks before rats were killed 42 . Experiments were approved by the Animal Research Committee of Stockholm.
Behavioral testing. Open field walking was evaluated according to the BBB rating scale 43 . In a gridway task, rats crossed a 1.2-m gridway three times, and the number of hindlimb misplacements was counted 44 . For hotplate testing, rats were placed on a hotplate and the latency to licking of paws was measured. Nonresponders were removed from the plate after 60 s (ref. 45) . Mechanical sensitivity was assessed with von Frey hairs (Stoelting), which tests the withdrawal threshold to graded mechanical touch and/or pressure. Von Frey hairs were applied in ascending order on the palmar surface at a frequency of 0.5 per second. The lowest force leading to at least three withdrawals of five trials was defined as the mechanical threshold. The response rate to cold was tested by the application of ethyl chloride spray to the palmar surface. The response ranged from 1 (no observable response) to 2 (brief withdrawal and licking) to 3 (vocalization, prolonged withdrawal, licking and aversive reactions). Heat response was tested with a modified Hargreaves method 46 . Radiant heat was applied to the palmar surface and the latency to withdrawal of the stimulated paw was measured. Behavior was assessed by two observers 'blinded' to experimental conditions. Functional MRI. Functional MRI was done with the BOLD technique. Five sequential MRI slices 1 mm in thickness were acquired and centered 5 mm posterior to the rhinal fissure 17 . A 540-image 'package' was acquired with a block design with ten alternating stimulus and rest periods. Stimulation pulses (1 mA and 3 Hz) were applied to the hindpaws of all tested rats. Data sets were evaluated with SPM99. Voxels that showed a significant increase (P < 0.05) in signal intensity during stimulus compared with rest periods were color coded. Active brain areas were defined as positive voxel clusters consisting of a minimum of two clustered voxels and were located with the aid of structural magnetic resonance images at the same levels.
Histology. Indirect immunocytochemistry was done with antisera raised in goat to GFP (Rockland) or in rabbit to GFP (Molecular Probes), GFAP (Sigma), NG2 (Chemicon), MBP (Chemicon), CGRP (a gift from Tomas Hökfelt, Department of Neuroscience, Karolinska Institutet, Stockholm, Sweden) and neurofilament (Dahl), and mouse monoclonal antibodies to BrdU (Dako), c-Myc (9E10, DSHB), NeuN (Chemicon), βIII-tubulin (BabCO), RIP (Developmental Studies Hybridoma Bank) and CNP (Chemicon) were used. Secondary antisera were conjugated with carbocyanine, indocarbocyanine and indodicarbocyanine (Jackson ImmunoResearch) for analysis with confocal microscopy (LSM 510 META, Zeiss). For detection of BrdU, slides were pretreated with 2 mM HCl at 37 °C. For immunohistochemical characterization, 'number-weighted' samples of engrafted cells were analyzed with confocal microscopy. Z-series of a total of 6,385 individual cells were assessed for colocalization at high magnification (100×, 1.45-numerical aperture, oil-immersion objective). Bleedthrough was minimized by using multitrack scanning. For stereology, primary antibodies to BrdU and CGRP were detected with biotinylated secondary antibodies (Vector). Biotinylated secondary antibodies and BDA were visualized with an avidinbiotin-horseradish peroxidase complex (Vectastain Elite; Vector Laboratories). For myelin staining, histological specimens were incubated for 1 h at 4 °C in a 1% osmium tetroxide solution. Slides were then dehydrated and mounted with Pertex (CellPath).
Stereology. BrdU-positive engrafted cells as well as CGRP-and BDA-positive nerve fibers were quantified using unbiased stereology. A three-dimensional probe, the optical dissector 47 , was used to count cells and a two-dimensional probe, the surface of a sphere 48 , was used to quantify nerve fiber length. Stereological estimates were done in a uniform and systematic sample, constituting a known fraction of the region containing either engrafted cells or labeled nerve fibers 47 . Stereological probes were superimposed on the field of view with appropriate software (Stereologer; SPA). The area of myelination was measured with a stereological point grid, where every point was associated with 20,000 µm 2 . The average myelin area of two slides separated by 0.3 mm was acquired in the injury center as well as 1 mm above and below the injury center.
Note: Supplementary information is available on the Nature Neuroscience website.
